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New Investigation Method Intended for Indirect-Gap Semiconductors
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All-Russian Electrotechnical Institute, Krasnokazarmennaya str. 12, 111250 Moscow, Russia
* A.F. Ioffe Physico-Technical Institute, Politechnicheskaya str. 26, 194021 St.-Petersburg, Russia

Abstract. A method is proposed for determining the electron - hole scattering parameters in indirect gap
semiconductors when the carrier injection level is low. The proposed method is used to study the electron - hole
scattering in silicon. The results are evidence that minority carrier complete drag by majority-electrons is
possible in n-type material at a doping level of Ny > 10" cm™ even at room temperatures.

1. INTRODUCTION

Correct treatment of physical phenomena governing charge carrier transport in semiconductor samples
allows better understanding of semiconductor device operation. Among scattering mechanisms that are
responsible for observed values of charge carrier mobility in semiconductors the contribution of electron-
hole scattering (EHS) proves to be rather ambiguous. Since the first mention of EHS as a factor that could
substantially change the charge carrier transport coefficients [1], a large number of papers devoted to the
study of this phenomenon in various semiconductor materials (Ge, Si, GaAs) [2-15] as well as to
determination of its effect on the characteristics of multilayer semiconductor devices [16-20] have
appeared in the lLiterature. It was assumed at first that EHS makes the greatest contribution to charge
carrier transport under high injection conditions, when the concentration of injected carriers exceeds 10
cm”, Techniques for determining the parameters that characterize EHS were developed in accordance with
this viewpoint and these parameters were experimentally studied under high injection conditions [6,7]. It
later became clear, however, that the influence of EHS can show up much more clearly under low injection
conditions. The experimental detection [12,13] of the effect of minority carrier complete drag in GaAs
confirmed the results of the theoretical treatment [3,5] and stimulated interest in the possibility that this
effect could appear in Si, which is the most widely used material of semiconductor electronics. In this
connection it should also be noted that a comparative estimate carried out in [21], using the experimental
results of [12,13], showed that effectiveness of EHS in Siis 40-50 times greater than in GaAs. However
up to now the minority carrier complete drag has not been detected in Si. To our mind difficulty of
studying EHS in Si is that, in contrast with GaAs, silicon is an indirect-gap semiconductor. This makes it
difficult to use the optical techniques that directly made it possible to detect the complete drag of minority
carriers by majority carriers in GaAs [12,13]. Thus the goal of this paper is to develop and put into
practice a method for determining the EHS parameters under low injection conditions in indirect-gap
semiconductors. Since our studies are based on minority carrier transport equations suggested recently
[10,14],the paper is organized as follows. In section 2 the newly derived minority carrier transport
equations are presented, and temperature dependence of minority carrier mobility in Si is discussed. In
section 3 the new method for determining parameters of EHS under low injection conditions is described.
In section 4 experimental results obtained for Si are presented. Finally in section 5 we discuss the results.
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2. MINORITY CARRIER MOBILITY MODEL

According to [10,14] the minority-hole current in n - type sample can be written as

Ho— K, H

il E_ qDI, m 47 (1)
oty 7 M Hy
where p is the concentration of holes, E is the electric field, mobilities x, and u, are usual

Jp=®U,

mobilities of the particles obtained if EHS is ignored, x4, is mobility for which EHS is responsible. Tt
follows from (1) that effective minority-hole mobility 7’ and diffusion coefficient Dy
Hm

B = M
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are related to each other
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Similar formula can be obtained for minority electron mobility and diffusion coefficient in p —type
material, by replacement of indices n— p, p—>n. It is worth mentioning that just recently the
abovementioned equations have been repeated by Kane and Swanson [22,23] (see also [24]).

Relation (3) differs from Einstein relation in nondegenerated semiconductors. The reason for violation of
Einstein relation has been thoroughly investigated in [10]. It consist in the fact that in formula (1) the
components representing the drag current are formally combined with diffusion and drift components.
Relation (3) proves to be of great importance for interpretation of current experimental data on minority
carrier mobility in semiconductors. The reason is that modem experimental methods used at present
consist in measuring the minority carrier diffusion coefficient and then calculating the mobility value with
the help of Einstein relation. Since formula (3) shows that EHS changes the relationship between minority
carrier mobility and diffusion coefficient, now it is quite evident that experimental results presented in
literature [25,26] must be recalculated. This recalculation mvolves certain difficulty conditioned by
ambiguity of 4, value under low injection conditions. One possible way to overcome this difficulty

consists in utilization of following formula [14,15]:
G

Py nm
n, Y+(n+p)/2n
where G = 1840 cm*/V/s, m5=3.210" cm®, n,=3.510"cm®, n, =4.6 10" cm®,
According to [20] this formula is just a result of extrapolation of experimental data obtained by
Danghauser [6] and Krausse {7] to low injection conditions.
Incorporation of the formula (3) into analysis of current experimental data on minority carrier mobility
results in two main conclusions. Firstly the minority carrier mobility may not exceed the majority carrier
mobility [14,15]. Secondly the minority carrier mobility values in highly doped samples can be fitted with a
positive power law dependence at temperature 7 < 300K

= @

,umi o T+n (5)
In Fig.1 an example of recalculation of experimental data using formula (3) is presented. In Fig.1 solid
line 1 corresponds to data presented in [25] for doping density N = 5.3 10'%cm™. After recalculation it
converts into curve 2, which can be fitted with positive power law dependence at 7 < 300X .
Dependence (5) completely contradicts to commonly accepted one [25,26] . However to confirm it we
need experimentally justified values of ., under low injection conditions, since it is well known that
extrapolation procedure may lead to ambiguous result. In section 5 we shall discuss this point on the basis
of experimental results obtained in section 4.
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3. METHOD FOR DETERMINING EHS PARAMETERS

Since optical methods are inapplicable in indirect-gap semiconductors, we shall try to investigate the EHS
parameters in Si by measuring the characteristics of multilayer structure that depend on EHS, after which
the EHS parameters will be determined by calculation. More particularly our method is based on
imvestigation of current-voltage characteristics (CVC) of p* —n—n" diode structure. Our choice is based
on the results obtained in [15], which show that EHS has a strong effect on static CVC of p — n junction.
Using transport equations that correspond to the low injection conditions in 7 —base layer and taking into
account that that the dopant distribution in 7 —base is homogeneous, it is easy to show that continuity
equation in diffusive approximation can be reduced to
dp _p _
&

(6)

172
where L, = (Dp——u”"——r PJ , D, and p, are the usual hole diffusion coefficient and mobility
/lp" + ll'ln

respectively and 7, is the hole lifetime.
Since the region of small current densities is of interest for us, it is natural to take the condition that the

injection efficiency of the junction equals unity as a boundary condition on the injecting contacts. Thus we
can write that

jplx:(): .j’ Jn x=W, = ] (7)

It was assumed when writing the boundary conditions that p* — » junction is at the point x = 0, while the

n* — 1 junction is at the point x = W,

The solution of equation (6), with boundary conditions (7), is perfectly obvious; therefore without dwelling
on the calculations, we shall present and discuss the final results.
Standard computations result in an CVC characteristics described by

V= kzrln(ij +jo | 1+ " IE:/E#)%W) (l B e"p(_%n ®)

P
where V is voltage applied to the structure, p, is the base layer resistivity, %, is Boltzmann constant, T

Jo

is the temperature, p, is the equilibrium hole concentration in the » base b = H s and j, is defined by
F4
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The obtained CVC depends upon the mobility u, and can therefore be used to determine it.

©

Unfortunately it is hard to obtain an expression in general for s, from equation (8), and therefore we

consider the limiting case, which is convenient for studyimg structures with a high base-layer doping level.
The charge carrier lifetime decreases as the doping level increases or the temperature of the structure

decreases, which results in an increase of the ratio (W,, / Lp). When (Wn / Lp) > 5, the ratio of hyperbolic

functions is close to unity. As a result the expression for j, simplifies to

1/2
. Dy,
Jo = Q[—'&—) P (10)
T (Hm + 1)
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When the base-layer doping N, does not exceed 10''cm™, the equilibrium hole concentration can be
written as p, = n’,/N, , where n,, is the intrinsic carrier concentration in a weakly doped sample of the
material. We can then obtain the following expression for 1, from equation (8)

H

2 D /2 (V )
where A= (—qﬂj £ exp( JPx J .
JNJ\ 7, kT

When N, > 107 cm™, the narrowing of the silicon band-gap should be taken into account. To do this we
use the data presented in paper [27] and take into account the corrections introduced into experimental
technique of this paper by electron-hole collisions [28]. We obtain then the following expression for 4,

7
where B = q, eXp(AEg/kB T)[l_)zj exp(q(V jp. )J
JN, T, kT

Formulas (11( and (12) are the basis of the proposed technique for determining s, using diode
structures; j,V,p,.W,,7, and T are the measured parameters, and the quantities D, and AE, are taken
from independent experiment. As a result, 4, can be measured directly under low injection conditions.

4, DETERMINING THE MOBILITY 4, IN Si UNDER LOW INJECTION CONDITIONS

We had p* —n—n* structures fabricated. The base layer doping was N,>10"cm> The CVC was

measured for each of these structures using the standard techniques. A current density region was chosen
for the measurement, for which a low injection level of nonequilibrium charge carriers was produced in the
base layer of the structure. The experimentally measured dependence of ; on V' was approximated by

dependence like that of equation (8) and experimental value of parameter (jo)exp was determined. A
calculated value of the same parameter was then determined from
(). = e (&) (13)
0/ cat Nd z,
Then taking into account that B = (]'0)exp /( )., the value of mobility 1, was determined utilizing

formula (12). The final results of our investigation are presented in Fig. 2 (see curve 3) with allowance
made for scatter of electrophysical parameter values. It is worth mentioning that because of the complexity
of determining the lifetime 7, in highly doped samples, our calculation allows for the scatter of the values
of this parameter indicated in the literature, e.g. according to the data presented in review paper [29] for
N,=2310"cm® parameter 7, lies in the interval 2us <7,<16 us. O course this leads to a rather

large scatter of 4, values, however we shall show that even these results are extremely useful for

describing the properties of minority charge carriers in Si. Besides new experimental results Fig. 2 also
shows the results of extrapolation of the data for 4, in accordance with formula (4) (see curve 1). It

can be seen that the measured 4, values, first, turn out to be substantially smaller than the extrapolated

values, and, second. they lie below curve 2, which represents the dependence on N, of the mobility of
the majority carriers, which are electrons (the scatter of the electron mobility is shown in accordance with
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the data presented in [30]). The latter circumstance is of special interest, since according to formula (2)
(see also [14,15]) the condition u, <y, is evidence that minority-holes complete drag by majority -

electrons is possible.
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Figure 1: The temperature dependence of minority Figure 2: Mobility x« m dependence on doping concen-
electron mobility for doping density tration under low injection conditions

N =5310%cm™

5. DISCUSSION OF THE RESULTS

We have already mentioned that minority carriers complete drag by majority carriers was experimentally
detected in GaAs at a temperature of ~ 7 =~ 90K [12,13] The estimates presented in [21] showed that
effectiveness of EHS in Si is 40-50 times greater than in GaAs. However, until now the possibility
implementing this effect in Si has not even been considered in the literature. In spite of the significant error
of the experimental values, the results of this paper show that the condition 4, <g, is satisfied in Si

even at room temperature 7 =21°C in the dopant-concentration region N,>10"cm>, ie. minority

carriers complete drag is possible in Siunder these conditions.

Turning back to temperature dependence of minority carrier mobility we can argue now that formula (5)
holds since effectiveness of EHS proves to be even greater than it follows from extrapolated formula (4).
In conclusion we should point out that the main error in the values of mobility 4, is determined by the

scatter of the hole lifetime z,. Improving the techniques for determining 7, will make it possible to

substantially enhance the accuracy with which z,, is determined.
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